Introduction
Hedgehog (Hh) genes encode signaling proteins controlling tissue patterning in the embryo and cell growth and differentiation in regenerating tissues (Ingham et al., 2011; McMahon et al., 2003; Varjosalo and Taipale, 2008) . Hedgehog was originally identified in a genetic screen for patterning genes in Drosophila melanogaster (Nusslein-Volhard and Wieschaus, 1980; Varjosalo and Taipale, 2008; Wetmore, 2003) . While Drosophila has only a single Hh gene, mammals have three: Desert (DHH), Indian (IHH) and Sonic (SHH). While these isoforms are redundant in some scenarios (Zhang et al., 2001) , they largely show differential expression in tissues in the developing embryo and adult, and control induction of different sets of downstream target genes (Hooper and Scott, 2005; Pathi et al., 2001) . It is important to note that both Shh and Ihh are expressed in endoderm development (van den Brink, 2007) . In the mouse embryo, Shh is expressed and secreted from midline tissues, including the node, notochord, and floor plate, generating a morphogen signaling gradient for patterning of left-right and dorso-ventral axes of the developing embryo (Hooper and Scott, 2005; Varjosalo and Taipale, 2008) . By contrast, Ihh is primarily expressed by pre-hypertrophic and early hypotrophic chondrocytes, signaling locally to both proliferating chondrocytes and the overlying perichondrial cells (St-Jacques et al., 1999; Vortkamp et al., 1996) . Dhh expression is produced by Sertoli cells to control development of immediately adjacent Leydig cells required for male sexual differentiation (Bitgood et al., 1996; Clark et al., 2000; Kawai et al., 2011) , and by Schwann 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.12.002 cells to promote the development of the perineural sheath of during neuronal development (Bitgood and McMahon, 1995; Parmantier et al., 1999; Yoshimura and Takeda, 2012) .
Hhs are expressed as unprocessed preproproteins that, based on studies of the Drosophila Hh protein, undergo processing and auto-catalytic cleavage (reviewed in Ryan and Chiang (2012) and Ingham et al. (2011) ). In brief, human SHH is synthesized as a 462aa protein precursor of approximately 45 kDa designated as 'preproprotein'. This preproprotein is composed of a 23aa signal peptide ER targeting sequence, a 174 amino acid N-terminal signaling domain, and a 265aa C-terminal autoprocessing domain endowed with autoproteolysis and cholesterol transferase activity. Following cleavage of the signal peptide sequence at the extreme N-terminus, the 19 kDa N-terminal signaling fragment of Hh is autocatalytically cleaved from the C-terminus and a cholesterol moiety is added to the C-terminal end of the signaling fragment. A palmitate group is subsequently added at the N-terminus to produce a dual-lipidated molecule with high signaling capacity (Mann and Beachy, 2004) . The processed N-terminal fragment would be retained in the cell by its cholesterol tail, except it is actively secreted by the synergistic actions of Disp and the secreted protein Scube2 (Burke et al., 1999; Tukachinsky et al., 2012) . Secreted N-Hh forms a signaling gradient from the producing cells to responsive cells localized near or distant (Mimeault and Batra, 2010) . Processed Hh accumulates in producing cells in Disp deficient mice and flies, and is able to activate the pathway in neighboring cells, but is not competent for long range signaling (Burke et al., 1999; Gallet et al., 2006) . Studies of Drosophila Hh have identified specific residues in the C-terminal domain required for autoprocessing and lipid modifications (Hall et al., 1997; Lee et al., 1994; Porter et al., 1995) , including a conserved cysteine, although prior to this study, cellular autoprocessing and secretion of the remaining mammalian Hh isoforms have not been investigated.
Mammalian Hh signaling, characterized largely in studies of recombinant N-terminal Shh, transduces target gene transcription and/or repression through control of activator and repressor forms of the Gli transcription factors. The Hh signaling response varies with the concentration and duration of the Hh signal. Hh signal transduction begins with the binding of Hh ligand with the transmembrane receptor, Patched (Ptch). Prior to Hh ligand binding, Ptch binds and inhibits the transmembrane protein, Smoothened (Smo), which is the positive transducer of the Hh pathway controlling the function of the Gli family of transcription factors. In the absence of Hh binding and repression of Smo, the Gli3 transcription factor is post-translationally processed to form a potent transcriptional repressor of Hh target genes. Hh ligand binding to Ptch relieves this inhibition of Smo, allowing Smo to activate a signaling cascade through the primary cilium, which results in activation of Gli2 and Gli3 to function as positive regulators of Hh target genes (Singla and Reiter, 2006) . Among these primary target genes is Gli1, a most potent transcriptional activator that participates in this strong positive feedback loop for activation of target genes (Stecca and Ruiz, 2010) . Other Gli-regulated Hh signaling components are involved in pathway repression, including Ptch1 and Hip (Hedgehog-interacting protein), establishing a negative feedback loop (Chuang and McMahon, 1999) . The balance between pathway activation and repression in response to the concentration and duration of Hh signal determines the transcriptional program of the Shh-responding cell.
The N-terminal domains of the three mammalian isoforms are conserved and have similar binding affinities for the receptor Ptch (Pathi et al., 2001) , suggesting their function in a common signal transduction pathway. Supporting their conserved functions, N-terminal recombinant Hh ligands activate expression of Gli1 and Ptch1 mRNA transcripts, as direct targets of Gli-mediated pathway activation. However, the N-terminal fragments of three mammalian Hh proteins have different potencies for Gli1 and Ptch1 activation, with N-SHH being most active and N-DHH being least active (Pathi et al., 2001) . While recombinant N-terminal SHH, DHH, and IHH proteins are equipotent in their ability to induce Islet-1 expression in chick neural plate explants, the ligands are significantly different in their activities for induction of chondrocyte differentiation and nodal expression in the lateral plate mesoderm in the early chick embryo (Pathi et al., 2001) . In support of these results, Echidna Hedghog (shhb) in zebrafish is around 3 times as effective at inducing slow muscle than Shh in zebrafish during development (Norris et al., 2000) . These results suggest that the HH N-terminal signaling domains of the different isoforms have specific and individual functional capacities in cell and embryo functional assays.
In this study, we have investigated the processing, secretion and signaling functions of human SHH, DHH and IHH expressed as full length proteins. Current understanding of Hh function derives from genetic studies of Drosophila Hh and cell studies of recombinant N-terminal Hh proteins, primarily N-Shh, which lack the dual lipidation modifications and do not address roles for autoprocessing and secretion in the control of Hh functions. We have investigated the synthesis, processing, secretion and signaling activities of SHH, IHH and DHH preproteins expressed in cultured cells. We report unexpectedly that HH isoforms have remarkably different autoprocessing, secretion and signaling activities. Notably, expressed DHH, unlike SHH and IHH, does not undergo substantial autoprocessing or secretion and does not function in paracrine signaling. Rather, DHH functions in juxtacrine signaling to activate a cell contact-mediated Hh signaling response, consistent with its expression and localized signaling in vivo. We also show that the LnCAP prostate cancer cell, when induced to express endogenous DHH and SHH, is active only in juxtacrine signaling, and not paracrine signaling. Finally, domain swap studies reveal that the C-terminal domain of DHH regulates its processing and secretion, to promote its function as an autocrine signaling regulator. These findings challenge the assumption that HHs function only as secreted morphogens and establish a new regulatory role for HHs in cell-mediated juxtacrine signaling in development and cancer.
Results

Pathway activation activities of expressed full length (FL) Hh isoforms
The Hh signaling activities of expressed human Full Length (FL) HH isoforms were assayed in 3T3 cells, an established Hh responsive cell line Riobo et al., 2006b; Stanton et al., 2009) . FL-cDNAs transfected into 3T3 cells were assayed for Hh pathway activation by induction of Gli1 and Ptch1 mRNA expression (Fig. 1A) , by expression of Gli1 protein (Fig. 1B) and by activity of a stably integrated Gli-responsive luciferase reporter gene with an 8X Glibinding site (GBS), when expressed in Light2 cells (Fig. 1C ) (Taipale et al., 2000) . Mouse N-Shh cDNA transfections served as a positive control, and mock transfected cells as a negative control. Results show that FL-SHH and FL-IHH are strong activators of Hh signaling, with FL-SHH being more active than IHH. FL-DHH has much lower activity for Hh activation than either SHH or IHH in all assays. The activities of FL-SHH and FL-IHH are comparable to or greater that the activities of expressed N-Shh in Ptch1 and Gli1 activation, suggesting that these expressed FL-HH cDNAs are efficiently processed to their active ligand forms. Also, the protein generated from the N-Shh cDNA construct lacks post-translational lipid modifications ). The signaling activities of recombinant N-IHH and N-DHH are reported to be lower than N-Shh (Pathi et al., 2001 ), similar to our findings for FL-HH cDNAs. hierarchies of N-Hh signaling activities previously reported for recombinant N-HHs, i.e., SHH > IHH > DHH. We also tested the signaling activities of FL-HHs in two additional Hh responsive mouse cells lines: in C3H 10T1/2 cells, a multipotential cell line that can be induced to undergo osteogenesis in response to Hh signaling (Nakamura et al., 1997; Spinella-Jaegle et al., 2001) , and TM3 cells, a testicular cell line derived from Leydig cells, which in vivo are responsive to Dhh produced by Sertoli cells (Bitgood et al., 1996; Clark et al., 2000; Kawai et al., 2011) . FL-SHH induces Gli1 and Ptch1 RNA expression in C3H10T1/2 cells comparable to N-Shh, whereas IHH has significantly lower activity in TM3 cells compared to C3H10T1/2 cells ( Fig. 1D and E) . Significantly, FL-DHH produced a low Gli1 and Ptch1 induction response in C3H10T1/2 and no induction of Gli1 and Ptch1 mRNA or Gli1 protein in TM3 cells ( Fig. 1D and E). The Gli1 mRNA induction results for TM3 cells post-transfection were confirmed at the protein level by Western blot assay (Fig. 1F) . These findings show, in three HH responsive cell types, FL-SHH has high signaling activity, IHH has intermediate activity, and DHH has low activity, supporting the conclusion that signaling activity observed in these studies is specific to Hh isoforms.
Expressed FL-DHH is not processed or secreted from cells for paracrine signaling
Studies of FL-HH processing and secretion were undertaken to understand the role of these regulatory processes in the control of signaling activities of the HH isoforms. Secretion of FL-HHs was investigated by harvesting conditioned media from 293T cells expressing FL-HHs and assaying cyclopamine-dependent HH signaling activities using Light2 cells with integrated 8X GBS luciferase reporter. All conditioned media results presented here were generated using 1:4 dilutions of harvested media in low serum media. Similar results were obtained with undiluted conditioned media. Cyclopamine inhibits Smoothened-dependent Hh signaling. Conditioned media from 293T cells stably transfected with an inducible N-Shh cDNA expression vector (EcR Shh) (Cooper et al., 1998) served as a positive control, promoting 10-fold induction of luciferase activity, and conditioned medium from mock transfected cells served as a negative control ( Fig. 2A) . Conditioned media prepared using the FL-SHH cDNA construct induced highest cyclopamine-sensitive reporter activation (7.3-fold), compared to FL-IHH conditioned medium (4.9-fold) and to conditioned media from FL-DHH, which failed to induce any reporter activation. An HH activation response was detected up to and including a 1:25 dilution of SHH conditioned media (data not shown). Gli1 protein induction by FL-SHH and FL-IHH conditioned media were robust ( Fig. 2B ), whereas DHH conditioned medium was inactive, confirming the results of the 8X GBS luciferase assay that FL-SHH and FL-IHH were secreted and functionally active in HH paracrine signaling, while FL-DHH was not.
HH protein processing was assayed by Western blot assays of expressing cells and conditioned media using HH-specific antibodies (Fig. 2C ). Full length and processed N-terminal forms of SHH and IHH were detected on Western blots of cells and media using the polyclonal 5E1 antibody specific to the N-terminal domain of SHH and IHH proteins (DSHB) (Fig. 2C) . DHH is not detected by the 5E1 antibody (Beachy et al., 2010) but could be detected with a DHH-specific antibody. 293T cells expressing FL-SHH cDNA were shown to contain trace amounts of $45 kDa FL-SHH protein, and abundant amounts of a processed 19 kDa N-terminal SHH ligand (Fig. 2C) . It is important to note that for all processed HH isoforms multiple bands are likely a result of post-cleavage lipid modifications. Conditioned medium harvested from 293T cells transfected with FL-SHH cDNA also have abundant amounts of processed 19 kDa N-terminal SHH protein, and also contains FL-SHH protein. FL-SHH undergoes efficient intracellular processing and secretion in transfected 293T cells, showing that FL-SHH is actively processed and secreted. By contrast, the FL-IHH protein is less efficiently processed, as abundant levels of FL-IHH are detected in both cell lysates and conditioned medium of expressing cells. Notably, FL-DHH expressing 293T cells express a predominance of unprocessed FL-DHH (Fig. 2C ) and trace amounts of processed DHH were detectable in conditioned medium only after concentration of the proteins in conditioned media approximately 16-fold by TCA precipitation. The absence of FL and easily detectable processed DHH in conditioned medium shows that FL-DHH is neither processed nor secreted effectively, thus explaining the absence of DHH signaling activity in conditioned medium from FL-DHH expressing cells. The mechanism of FL-SHH and FL-IHH secretion is currently unclear, although based on these results FL-DHH does not appear to be comparably secreted via this mechanism.
2.3.
DHH activates an HH signaling response via cell-cell mediated juxtacrine signaling Our finding that DHH is not secreted, but accumulated intracellularly as an unprocessed protein led us to investigate whether cellular FL-DHH functions in cell-cell juxtacrine signaling, suggested by the proximity of Dhh expressing Sertoli and Schwann cells to their responding tissues in vivo. 293T cells expressing FL-HH cDNAs were co-plated at high density with in equal numbers with the HH-responsive Light2 cells to assay juxtacrine induction of 8X GBS luciferase reporter (Fig. 3A) . 293T cells were used to generate the HH as they are nonresponsive to HH signaling, thus any response in the assay comes from Light2 cells. The results of these co-plating assays show that DHH expressing 293T cells induce luciferase activity well above control levels, establishing a role for DHH in juxtacrine signaling. FL-SHH and FL-IHH also induce luciferase activity in co-plating assays, which can at least in part be attributed to their processing and secretion for paracrine signaling (Figs. 1 and 2) in addition to any juxtacrine activity. Juxtacrine signaling activity of DHH was confirmed by Western blot assays of Gli1 protein induction in Light2 cells (Fig. 3B) . The juxtacrine signaling ability of DHH was also confirmed in co-plating assays with TM3 cells (Fig. 3C ), indicating that TM3 cells are responsive to DHH presented by neighbouring cells.
2.4.
The DHH and IHH C-terminal domains control processing for juxtacrine signaling
To investigate the mechanisms underlying processing regulation and juxtacrine signaling of DHH, expression constructs of SHH N-terminal domain fused with the C-terminal domains of either DHH or IHH were generated (Fig. 4A ). These fusion proteins were expressed in 293T cells to investigate their processing and secretion. Conditioned medium from FL-SHH-DHH fusion protein expressing cells mimicked the inactivity of DHH by not activating HH-Gli signaling as assayed by luciferase assays in Light2 cells above 6.3% of SHH levels, (Fig. 4B) or by Western blot assays of Gli1 protein induction (Fig. 4C) . By contrast, conditioned medium produced by FL-SHH-IHH fusion protein was active in HHGli signaling in Light 2 cells as well as in the activation of Gli1 expression (Fig. 4B and C) . Western blot analyses of conditioned media and cell lysate from transfected 293T cells also revealed that the FL-SHH-DHH fusion protein was not present in conditioned medium (Fig. 4D) , but was expressed and remained associated with cells (Fig. 4E) , similar to the behavior of FL-DHH protein. By contrast, FL-SHH-IHH fusion protein was partially processed and released into conditioned medium as processed and FL-HH, similar to the behavior of FL-IHH. In co-plating assays, SHH-DHH fusion protein was highly active in juxtacrine signaling (Fig. 4F) . Juxtacrine signaling activity of these fusion proteins was significant greater than for the FL-DHH and FL-IHH proteins, likely reflecting the enhanced activity of the N-terminal SHH signaling domain, which has the strongest signaling activity of the three N-terminal HH in expression assays (Pathi et al., 2001 ). These findings, therefore, establish that C-terminal domains of DHH and IHH control the processing, and in the case of DHH also the juxtacrine signaling functions of these HH proteins.
HHs expressed by LnCAP cancer cells engage exclusively in juxtacine signaling
To investigate the juxtacrine and paracrine signaling activities of cells expressing endogenous Hhs we utilized LnCAP human prostate cancer cells, which are reported to express HHs in response to androgen deprivation . Despite HH production, LnCAP cells are not responsive to HH signaling, as they show no response to cyclopamine or exogenous SHH (Zhang et al., 2007) . Expression of the HH isoforms was investigated in LnCAP cells in response to androgen deprivation (AD), under sub-confluent and confluent culture conditions. Expression of mRNA for each of the HH isoforms was activated in LnCAP cells under high and low density conditions in AD medium, with the exception of IHH, which was induced only under low-density culture conditions (Fig. 5A-C) . SHH mRNA was very abundantly expressed under all culture conditions. Despite robust activation of HH mRNA expression, Gli1 expression was not induced, showing that cells were not responding to HHs in autocrine or paracrine signaling (Fig. 5D) . Interestingly, Gli2 and Gli3 mRNAs were induced by AD conditions, but did not contribute to activation of HH signaling as evidenced by an absence of Gli1 induction (Fig 5D) . Significantly, however, coplating assays with Light2 luciferase reporter cells showed that LnCAP cells were active in juxtacrine HH signaling activity, particularly under conditions of AD and high cell density when LnCAP cells express abundant amounts of DHH. High density LnCAP cells cultured in AD conditions activated the 8x GBS luciferase response 10.9-fold over control cells (Fig. 5E ). By contrast, conditioned medium from LnCAP cells did not have HH signaling activity, providing evidence that LnCAP cells endogenously expressing HHs function exclusively in the juxtacrine signaling.
Discussion
Our findings provide the first evidence that HH isoforms are differentially processed and secreted to enable their dual functions in juxtacrine and paracrine signaling. Shh has well known functions as a secreted ligand for long distance signaling as a developmental morphogen. Our findings (summarised in Fig. 6) show that FL-SHH is efficiently autoprocessed and its N-terminal domain secreted for paracrine signaling (Fig. 2) . Additionally, we observed secretion of full-length SHH. By contrast, FL-DHH undergoes little or no autoprocessing, secretion or paracrine signaling, but rather functions in cell contact-mediated juxtacrine signaling (Figs. 2 and 3) , consistent with its developmental roles in testis (Bitgood et al., 1996; Clark et al., 2000; Kawai et al., 2011) and neurogenesis (Bitgood and McMahon, 1995; Parmantier et al., 1999; Yoshimura and Takeda, 2012) . FL-IHH has intermediate levels of processing and secretion and likely functions in both juxtacrine and paracrine signaling, consistent with its dual functions in localized and long distance signaling for bone repair and chondrogenesis (Joeng and Long, 2009; Karp et al., 2000; Long et al., 2004; St-Jacques et al., 1999; Vortkamp et al., 1996) .
The secretion of fully processed and dual-lipid modified Shh has been studied comprehensively (Tukachinsky et al., 2012) . This secretion is reliant on both Disp and Scube, and is mediated through both proteins binding the cholesterol tail of N-Shh, thereby overcoming hydrophobic membrane retention of the ligand. Their study raises a number of key points relevant to our study. N-Shh that lacks cholesterol (i.e. generated from truncated cDNA) is secreted in a Disp-independent manner. The membrane retention of processed Hh ligand, which is overcome by Disp and Scube, is mediated by the cholesterol moiety added during the autoprocessing event, and as such does not apply to any full length HH protein secretion or membrane retention observed in our study.
The use of cell lines in our study to overexpress HH ligands may not accurately represent the HH processing and secretion situation in vivo, however the generation of fully processed and secreted SHH ligand suggests all requisite components of the pathway are present in cells used in our experiments. In vivo evidence for secretion and function of FL-IHH has been obtained by mass spectrometry analysis of plasma lipoprotein fractions of human blood. These studies identify IHH, including its C-terminal sequences, in the VLDL fraction (very low density lipoprotein), but not in other plasma lipoprotein fractions (LDL and HDL). Neither SHH nor DHH were detected in any of these three fractions of plasma lipoproteins (Queiroz et al., 2010) . IHH associated with the VLDL lipids also generates a HH signaling response, suggesting that the FL-IHH:VLDL complex functions as a circulating morphogen for endothelial cell maintenance and repair. Secreted Drosophila Hh is also associated with a lipid carrier protein required for its extracellular function (Chen et al., 2004; Lin, 2004; Panakova et al., 2005; The et al., 1999) . It is notable that primarily full length IHH is secreted from expressing cells (in contrast to DHH and SHH; Fig. 2) suggesting that secretion and lipid interactions of FL-IHH are functionally adaptive for long distance signaling. Processed N-Shh diffusion in tooth development has also been shown to be reliant on proteoglycan/glycosamino-glycan (PG/GAG) complexes (Gritli-Linde et al., 2001) . In fact, visualisation of both processed N-Shh and N-Ihh in target tissues was only possible with staining protocols that preserved GAG chains, suggesting that complex formation with GAGs is required for appropriate diffusion and gradient formation of the processed forms of Shh and Ihh.
The cellular mechanisms for trafficking and presentation of FL-DHH to Ptch1 receptors on apposing cells require further investigation. Studies of Shh signaling show that N-Shh, when tethered to the cell membrane by a glycophospholipid (GPI) linkage, is internalized by adjacent Ptch1 expressing cells (Incardona et al., 2000) , and unable to form its diffused signaling gradient. Furthermore, mutations introduced into SHH that block autoprocessing enable mutant SHHs to function in cell contact-mediated juxtacrine signaling but not in paracrine signaling, although it is unknown whether such mutant SHHs are secreted in an inactive form (Tokhunts et al., 2010) . In Drosophila embryos expressing an autoprocessing deficient mutant form of human SHH (H329A), pathway activation was observed at around 1/3 of the potency of wild type (Lee et al., 1994) .
Hh autoprocessing is mechanistically very similar to the first steps of protein splicing, which is reliant on specific protein sequences located in inteins. InBase is an online Blast server (Perler, 2002) only able to generate 11 hits. This loss of homology to known inteins distinguishes the DHH sequence, despite its high overall homology to other processing competent HHs, including Drosophila Hh (Varjosalo and Taipale, 2008) . This suggests that only a small number of key sequence changes are responsible for the loss of autoprocessing in DHH. The C-termini domains of HH isoforms are less conserved than the N-termini, yet little work has been done to show how this affects autoprocessing. Tokhunts et al. analysed a panel of reported holoprosencephaly associated SHH mutations for alterations in HH ligand processing (Tokhunts et al., 2010) . Three mutants, D222N, T267I and A373T, displayed significantly different processing efficiency than the wt SHH, clearly indicating a single amino acid change can dramatically alter HH autoprocessing. Two additional reported holoprosencephaly mutations in the SHH C-terminus (S236R and G290D) (Cohen, 2010) were not tested in this experiment. These two residues are of interest as they are not conserved in DHH, and G290D resides in a stretch of 13 amino acids not conserved in DHH or IHH. The functional consequences of non-conserved sequence changes in the Hedgehog C-termini need to be determined through autoprocessing experiments.
Our findings show that unprocessed FL-DHH is not secreted, but is retained in cells by a mechanism mediated by its C-terminal domain (illustrated by our fusion protein studies). One possible mechanism for DHH retention is through a transmembrane domain in the DHH C-terminus. Various algorithms designed to predict transmembrane domains from primary HH protein sequences have yielded divergent results, indicative of the tenuous nature of these predictions. However, DHH does have a higher proportion of hydrophobic amino acids than SHH or IHH in the C-terminus, and therefore an increased likelihood of a transmembrane domain. An alternative retention and presentation mechanism for DHH could involve GPI linkage on the cell membrane. Experiments with a modified Shh N-terminal cDNA have shown that GPI-linkage can retain the ligand on the generating cell surface, where it is able to bind Ptch on neighboring cells and be internalized to initiate signaling (Incardona et al., 2000) . Although it must be noted that three independent GPI-anchor prediction programs (PredGPI, (Pierleoni et al., 2008) ; GPI-SOM (Fankhauser and Maser, 2005) ; Big-PI (Eisenhaber et al., 1999) ) did not find the required signal motifs in the DHH protein sequence. (Bitgood et al., 1996; Clark et al., 2000; Kawai et al., 2011) and in neural development through its expression in Schwann cells to induce the perinuclear sheath (Bitgood and McMahon, 1995; Parmantier et al., 1999; Yoshimura and Takeda, 2012) . It will be of interest in future studies to investigate the possibility of specialized cell surface/receptor mechanisms for DHH signaling as a model for investigating HH juxtacrine signaling mechanisms during development.
4.
Materials and methods
Materials
p8XGBS-luc and full length mGli1 constructs were provided by H. Sasaki (Riken Center for Developmental Biology, Kobe, Japan) (Riobo et al., 2006a,b) . pRL-TK was obtained from Promega. Full-length cDNA expression constructs for human SHH, IHH, DHH in pCMV-XL5 were purchased from Origene. pcDNA3. 1-N-Shh was as reported previously (Riobo et al., 2006a,b) . Fusion construct cDNA was generated using the above full length cDNA plasmids as templates using a twostep overlap extension high-fidelity PCR protocol, utilising Phusion Taq (Finnzymes). Rabbit anti-Gli1 and anti-rabbit IgG-HRP were obtained from Cell Signaling Technology. 
4.2.
Cell lines 293T (CRL-11268), 293 EcR Shh (CRL-2782) and NIH3T3 (CRL-1658) cells were maintained in DMEM (Cellgro) with 10% fetal bovine serum (FBS; Thermo Scientific). Light2 cells (CRL-2795; obtained from P. Beachy, Johns Hopkins University, Baltimore, MD) were maintained in the same medium supplemented with 0.15 mg/mL Zeocin (Invitrogen) and 0.4 mg/mL Geneticin (Gibco). C3H/10T1/2 (CCL-226) cells were maintained in DMEM with 10% fetal bovine serum and 10 mM HEPES (Cellgro). TM3 cells (CRL-1714) were grown in DMEM/ F12 (50:50; Cellgro) with 5% equine serum (Thermo Scientific), 2.5% fetal bovine serum, 0.5 mM sodium pyruvate (Gibco), 1.2 g/L sodium bicarbonate (Cellgro) and 2.5 mM L-glutamine (Gibco). LNCaP cells (CRL-1740) were grown in RPMI1640 (Gibco) supplemented with 10% fetal bovine serum. Androgen deprivation media was RPMI1640 supplemented with 2% charcoal stripped FBS (Gibco). All media contained antibiotic/ antimycotic (Cellgro), except during transfection protocol as stated, and all cells were grown at 37°C in a humidified 5% CO 2 atmosphere. NIH3T3 and Light2 cells were maintained at less than 70% confluence except for where stated. Cyclopamine (LC Laboratories) treatments were used as a pathway specific inhibitor at 10 lM concentration.
4.3.
Transfections, conditioned media and co-plating assays Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturers instructions. Transfection efficiency and expression of each HH cDNA construct was determined by qPCR on RNA from 3T3 and TM3 cell lines. Due to the comparable expression and high degree of similarity between constructs (plasmid backbone, insert size and homology) for all subsequent analysis transfection efficiency and exogenous HH expression levels were deemed to be identical. For luciferase assays, transfection mixes were prepared in each well of a 96 well plate. 2 · 10 4 cells were added to each well and incubated overnight before media was changed to serum starve medium (DMEM with 0.5% fetal bovine serum with antibiotic/antimycotic) for 48 h. Transfections for RNA and protein extractions were performed in 12 well plates. For generating HH-conditioned media, 293T cells were plated in a 24 well plate 6 h after transfection the medium was changed to a modified growth medium (2% FBS) and incubated for 48 h. HH-conditioned media was harvested by centrifugation for 20 min at 13,000g at 4°C, then filtered through 0.2 lm cellulose acetate filter. Conditioned media was diluted 1:4 in 0.5% FBS media for addition to HH responsive cells. For HH-conditioned media derived from 293 EcR Shh cells, cells were grown to 70% confluence whereupon the media was changed to media containing 2% FBS. Shh expression was induced by addition of 1 lM MuristeroneA (Invitrogen). For HH-ligand detection by immunoblotting, conditioned media was centrifuged at 210,000g for 45 min to remove proteins bound to membranous remnants. Co-plating assays were performed using 293T cells transfected as for conditioned media, and were incubated for 24 h before trypinizing and counting, and plating 1:1 with Hh-responsive cells (Light2, 3T3 or TM3 cells). Cells were co-incubated for 48 h before performing harvesting for analysis.
Luciferase assays
Luciferase assays were performed using the Dual-Glo Luciferase Assay System (Promega) with a modified protocol. Culture media was removed from cells, and the plates frozen at À80°C for 1 h, then incubated at room temperature for 10 min, 37°C for 15 min, then room temperature for 10 min. 40 lL of DualGlo Luciferase reagent was added to each well and incubated in the dark for 10 min prior to luminescence reading on a Tecan Safire II plate reader. After the reading was taken, 40 lL of Stop&Glo reagent was added to each well. Plates were then incubated a further 10 min prior to a second luminescence reading.
4.5.
Quantitative real-time PCR (qPCR)
RNA extractions were performed using TRIzol reagent (Ambion) according to the manufacturer's instructions. All samples were treated with DNAse1 (Invitrogen) prior to reverse transcription using Superscript III (Invitrogen) primed with random hexamers (Invitrogen) according to the manufacturer's instructions. qPCRs were performed using Quantitect SYBR Green PCR kit (Qiagen) with primers listed in Table 1 . Each RNA sample was analyzed in triplicate, and gene expression relative to control was obtained by the equation 2^(Ct-control)/2^(Ct-Gene). Expression was then normalized to control samples.
Immunoblotting
Cells were lysed in lysis buffer [50 mM Tris HCl pH 7.4, 300 mM NaCl, 2% NP-40, 0.25% sodium deoxycholate, complete protease inhibitors (Roche)] for 30 min on ice. Protein lysate was cleared by centrifugation at 13,000g for 15 min at 4°C. Protein concentration was determined by BCA (Pierce) or Bradford reagent (BioRad) prior to separation by SDS-PAGE and transfer to nitrocellulose membranes [iBlot Invitrogen]. Membranes were blocked in either 5% milk or BSA in TBS +0.1% Tween20 for 1 h at room temperature. Primary antibodies were incubated in block over night at 4°C. Secondary HRP-or fluorescent antibodies were incubated 1 h at room temp in block and detected by chemiluminescence (Amersham ECL Western Blotting Detection) or using the Odyssey Imaging System (LiCor). Quantification of Western blotting was done using ImageJ (Schneider et al., 2012) .
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